Abstract. Cell type specific radial positioning of chromosome territories (CTs) and their sub-domains in the interphase seem to have functional relevance in non-neoplastic human nuclei, while much less is known about nuclear architecture in carcinoma cells and its development during tumor progression. We analyzed the 3D-architecture of the chromosome 8 territory (CT8) in carcinoma and corresponding non-neoplastic ductal pancreatic epithelium. Fluorescence-in-situ-hybridization (FISH) with whole chromosome painting (WCP) probes on sections from formalin-fixed, paraffin wax-embedded tissues from six patients with ductal adenocarcinoma of the pancreas was used. Radial positions and shape parameters of CT8 were analyzed by 3D-microscopy. None of the parameters showed significant inter-individual changes. CT8 was localized in the nuclear periphery in carcinoma cells and normal ductal epithelial cells. Normalized volume and surface of CT8 did not differ significantly. In contrast, the normalized roundness was significantly lower in carcinoma cells, implying an elongation of neoplastic cell nuclei. Unexpectedly, radial positioning of CT8, a dominant parameter of nuclear architecture, did not change significantly when comparing neoplastic with non-neoplastic cells. A significant deformation of CT8, however, accompanies nuclear atypia of carcinoma cells. This decreased roundness of CTs may reflect the genomic and transcriptional alterations in carcinoma.
Introduction
Understanding the nuclear architecture [6, 9] is indispensable for understanding nuclear functions and dysfunctions during cellular changes in neoplastic transformation. At present we only know little about the range and dynamic changes of the cell type specific nuclear architecture that can occur during cell cycle, terminal cell differentiation and abnormal cellular development [2, 16, 19, 23, 32, 33] . Moreover, we often disregard the interplay between 3D nuclear architecture and function [8, 11] .
Current knowledge about nuclear architecture and spatial chromatin organization acknowledges that individual chromosomes in the cell nucleus occupy distinct chromosome territories (CTs) divided into function-ally determined sub-chromosomal domains [7, 8, 12] . The term "chromosome territory" was first introduced by Boveri [4] . The positioning of the CTs and their sub-chromosomal domains in the interphase nucleus is non-random and well organized [3, 12, 20, 23, 26, 30, 35] . One of the main features describing cell type specific arrangements of CTs is the relative radial position, i.e. the relative radial distance of the CT to the center of the nucleus. CT arrangements seem to be mostly associated with the gene density and gene activation of the respective chromosome [42] . For example chromosomes with a low gene density, such as chromosome 18, tend to be located more peripheral than chromosomes with a higher gene density, such as chromosome 19 [5, 10, 13, 23, 35] . Radial positioning of individual CTs seems to be unique in different tissues [31] and it has been described to be evolutionarily conserved, for instance, in lymphocytes and fibroblasts over 300 million years [43, 44] . These facts suggest a functional relevance of non-random CT positioning [14, 23, 40] . Changes of spatial organization are associated with changes of gene expression and genomic and functional alterations during neoplastic transformation as it has been reported for chromosome 18 and the gene BCL2 [46] . In breast cancer cells distinct positional changes of several gene domains were noticed during malignant transformation [28] .
Using fluorescence in situ hybridization (FISH) with whole chromosome painting (WCP) probes on sections from formalin-fixed, paraffin wax-embedded human tissues we showed that it is possible to study genome architecture of individuals in the natural histological context [45, 46] . In comparison to commonly applied cell cultures, the methodical advantage of this approach is the preservation of the orientation and position of the nuclei within the tissue, as well as their spatial relation to supranuclear or extracellular structures like basement membranes or ductal lumina.
Here, we analyzed the relative radial positioning and the shape parameters volume, surface, and roundness of the chromosome 8 territory (CT8) in non-neoplastic human pancreatic ductal epithelium in comparison to pancreatic ductal adenocarcinoma as a model of a malignant transformation. Since genomic alterations of chromosome 8, such as amplification of CMYC [36] are frequent in pancreatic ductal adenocarcinoma, we expected changes of the CT8 architecture.
Previous investigations indicated a slight shift towards the nuclear periphery and a reduced roundness of CT8 in one case of ductal adenocarcinoma of the pancreas compared to corresponding normal epithelium [45] . In order to investigate whether this was an accidental observation or reflects a recurrent alteration, further individuals were analyzed in this study. Architectural parameters of CT8 were evaluated in additional cases of pancreatic ductal adenocarcinoma in comparison to corresponding normal ductal epithelium.
Materials and methods

Tissues
In this study tissue samples from pancreatectomy specimens of 6 patients with ductal adenocarcinoma of the pancreas (according to the WHO-classification [17] ) were analyzed (see also case description in Section 3). The material was fixed in buffered formaldehyde (4% in phosphate-buffered saline (PBS)) and paraffin wax-embedded. Histologically normal ductal epithelium and corresponding invasive ductal adenocarcinoma of the pancreas were selected mostly from the same patient (Fig. 1) . Grading categories G1-G3 [17] and tumor stages pT2 and pT3 according to the UICC (Union Internationale Contre le Cancer) [39] were represented.
Tissue microarrays
Tissue microarrays (TMA) were assembled from selected areas of non-neoplastic pancreatic tissue including ducts without dysplasia or inflammation (normal) and areas of ductal adenocarcinoma (carcinoma). 2-mm tissue-cores were taken from the paraffin blocks (donator-block) and transferred into a new paraffin block (acceptor block), creating a TMA-block including 12 tissue cores from all patients. For hematoxylin and eosin staining, H&E staining (Fig. 1A, B ) and FISH analysis (Fig. 1C, D) sections from the TMA were prepared and mounted on glass slides. The first and the last section (2 m) were stained with hematoxylin and eosin for morphological control, the section in between (15 m) was used for FISH.
DNA probe set
A commercially available fluorescence-labeled whole chromosome painting (WCP) DNA probe for chromosome 8 labeled with spectrum green (Abbott Molecular Diagnostics, Illinois, USA) was applied to the sections according to the manufacturer's instructions.
Fluorescence in situ Hybridization (FISH)
Paraffin was removed by xylene for 30 min and isopropanol for 3 min. The slides were hydrated over a graded series of ethanol (100%, 96%, 70% and 50%) and PBS (pH 7). The tissue was pre-treated by heating the slides for 20 min in a microwave oven (180 W) in citrate buffer (pH 7) followed by pronase E (0.05%) digestion for 3 min at 37 • C. After washing three times for 3 min with PBS (pH 7), the slides were denatured in 70% formamide and 2 × standard saline citrate (SSC), pH 7, for 15 min at 73 • C. Then the slides were dehydrated over a graded series of ethanol (70%, 90%, 100%, at -20 • C) and air dried. The fluorescencelabeled DNA probes were added to the pre-treated slides according to the manufacturer's instructions and incubated for 48 h at 37 • C. After in situ hybridization, the slides were placed in 2 × SSC/0.1% NP-40 (pH 7.4) at 73 • C for 2 min, embedded with an antifade solution (Vectashield, Butlingame, USA) after incubating with 4 ,6-diamino-phenylindole (DAPI) as nuclear counterstain and covered with a standard coverglass.
Fluorescence microscopy and 3D image acquisition
Three dimensional image stacks (voxel size 102 × 102 × 325 m 3 ) of the FISH-labeled chromosome 8 and the counterstained nuclei were acquired with a Zeiss Axioplan2 imaging microscope (Carl Zeiss Jena, Jena, Germany). The microscope was equipped with a PlanApochromat 100x/NA1.4 oil objective lens, filters for DAPI and SpectrumGreen (FITC) illumination and an ApoTome (Carl Zeiss Jena, Germany) for optical sectioning through the specimens. The setup was controlled by AxioVision software that also managed the image acquisition by an AxioCam b/w CCD camera (Carl Zeiss Jena, Germany). The image stacks were recorded sequentially in the two color planes (green for SpectrumGreen; blue for DAPI) and exported as uncompressed 8-bit TIFF files to the image processing software ImageJ.
Quantitative geometric evaluation of images
Radial positioning, volume, surface, and roundness of CT8 were processed by an image analyzing software package using a voxel-based algorithm. The evaluation included 20 to 40 CT8 of each specimen of both normal and carcinoma from 4 (normal) and 5 (carcinoma) patients and 1 test specimen, respectively.
Using the image processing program ImageJ, the cell nuclei were interactively segmented and optically isolated from the surrounding tissue by visual inspection. This pre-segmentation step helped to avoid misinterpretation due to overlapping or closely attached cell nuclei in the tissue sections. The preprocessed TIFF images were converted into KDF format for further evaluation using program packages running under Linux 8.0 (SuSE Linux) on Grid connected computing clusters as described in detail elsewhere [37, 38] .
In a first image processing step after presegmentation, non-specific artifacts, staining background and detection noise were reduced applying a background subtraction and a weak Gaussian filter. Processing the image stacks, the exact border of the nucleus and the center of gravity were automatically determined using the 3D image stack of the DAPIcounterstain. From the other color channel (green), the CT8 territory was determined automatically in an analogous way.
The parameters volume, surface, and roundness were determined by a software package that quantifies geometric data over a reasonable threshold spectrum, here for intensities between 0 and 255 [37, 38, 41] . Volume, surface, and roundness were calculated independently from the voxel intensity for each value within the threshold spectrum chosen, in our analysis between threshold values 100 and 250. By this means it was also possible to analyze CTs which were not uniformly, i.e. fragmentedly stained due to pretreatment procedures applied for WCP. Volumes of irregular shapes were obtained by voxel counting of the connected voxels above the given intensity threshold. Thus, for a specific threshold value, all voxels belonging to the territory under consideration defined by the segmentation process with an intensity value at least as high as the threshold are attributed to the territory volume. Intensity values below the threshold are ignored. The volume of the territory is the sum of the volumes of those voxels whose intensity value is above the threshold. Let N be the number of these beforehand mentioned voxels, then the territory volume V is given by
(dx the lateral voxel size and dz the axial voxel size). In relation to the total voxel number it defines the volume of the territory for the respective threshold. These values are normalized with respect to the maximal value found, in our case for each patient and tissue type the volume value for threshold 100.
In an analogous way, by considering the bounding surfaces of voxels belonging to the surface of the territory, the threshold dependent surface values are determined and normalized accordingly. In that case, for the bounding face the specific area has to be taken into account:
where N LBF denotes the number of all lateral bounding faces and N VBF analogously the number of all vertical bounding faces of those voxels which belong to the volume of the territory but face the outer region. The roundness value R is defined as the normalizing quotient of respective powers of territory volume V and surface S:
Note that 0 ≤ R ≤ 1 and R = 1 for a sphere.
To compute the radial distribution of a territory, each point on the segmented nuclear border was normalized to the relative radius r 0 = 100% to enable comparing nuclei of different shapes and sizes. In the same way, the segmentation of the labeled CT8 was performed in each 3D data stack. The segmented nuclear space was divided into 25 equidistant shells with a thickness of r = r 0 /25. For each of these shells, all voxels assigned to a given labeled genome region were iden-tified and their fluorescence intensities were summed. At the end, the sum of all voxel intensities measured in all nuclei was set to 100% for each color channel. With this normalization, the radial positioning distribution was determined.
For visual display of the curves based on the data, we did not connect the data points (shown separately) directly, but used interpolating splines [34] to reduce the statistical noise in order to point out the general characteristics of the functions.
Statistical analysis
To evaluate and compare data of different tissues and to show statistically significant differences, two strategies were applied. For volume, surface, and roundness values, the threshold curves could be compared. The invariance with respect to threshold shifts was taken into account by the normalizing step. Therefore, we applied the standard Mann-Whitney-U-Test [1] , an alternative to the t-test for independent groups, to compare the values of two different tissues in dependence of the threshold. In the case of roundness values, we chose a limited range of threshold values, where the function showed a linear behavior. For this range, a linear fit was also calculated. Typically, the number of points between the lower and upper linear fit threshold (LFT) was 12 to 15.
Radial positioning distributions were tested by the double-sided Kolmogorov-Smirnov (KS)-Test [21] to ensure that two data sets were significantly different. We decided to use this non-parametric test as there were no indications for normal distributions of the concerning measurements. This test is known to be stable and sensitive to differences.
Results
Our study is based on the analysis of the cell nuclei of 4 patients (patients 1-4 in the respective figures) with both, non-neoplastic (normal) and neoplastic (carcinoma) tissue sections, and one patient with carcinoma tissue only (patient 5 in the respective figures). In the tables, the normal tissues (patients 1-4) carry numbers 1n through 4n, the corresponding carcinoma tissues (patients 1-4) numbers 1c through 4c. The single carcinoma tissue is number 5c. In addition, to validate the methods applied, we analyzed several tissue sections of a further "test" patient independently in parallel comparing the resulting data (here exemplifying numbers 6 and 7). Figure 1 shows a typical example of a non-neoplastic (normal) and neoplastic (carcinoma) tissue, respectively. All 3D images of cell nuclei and hybridized CT8 were quantitatively analyzed in terms of their 3D radial positioning and geometric parameters, such as territory volume, surface, and roundness. In addition, we also computed cumulative roundness curves and cumulative radial distributions for the normal group 1n through 4n (number 8n in the tables) and for the carcinoma group 1c through 5c (number 9c in the tables).
Radial positioning of CT 8
In non-neoplastic epithelium from four patients (normal group), the average radial position of CT8 was in the nuclear periphery at approximately 75% of the nuclear radius ( Fig. 2A) . The interpolating spline curves do not deviate very much from the measurement points and have their maximum between 65% and 78% of the nuclear radius at values between 9.5% and 12% of relative DNA-content within the respective nuclear shell. The overall shape of the curves is very similar, and according to the results of the KS-test (Table 1 , values above main diagonal) there were no significant differences on the 1% level between the single individuals (1n-4n), who were randomly selected.
Analysis of radial positions of CT8 in corresponding carcinomas from five patients (Fig. 2B) revealed a peripheral localization of CT8 close to the nuclear border, comparable to the normal epithelium. In effect, four of the five curves show characteristics rather similar to those of the normal group. They have their maximum of 8.5% to 10.7% of relative DNA-content at 68% to 81% of the relative nuclear radius. Only one curve (patient 1 in Fig. 2B) shows two maxima at 50% (7% relative DNA-content) and 84% (6.2% relative DNA-content) of the relative radius with a minimum at 70% (2.5% relative DNA-content) of the relative radius in between. It is therefore much more extended than the other radial DNA distributions. Comparing all five curves of the carcinoma specimens (Fig. 2B ) they show more variability than the set of curves of the normal group ( Fig. 2A) . According to the KS-test, however, there are no significant differences between the radial DNA distributions of the different tissue samples (1% level, Table 1 ). Comparing the results for CT8 positioning in normal ducts with those in neoplastic ducts (carcinoma) does not reveal significant differences of the radial CT8 position distributions on the 1% level (Table 1) with one exception: The radial distribution of patient 1 (carcinoma 1c) is significantly different from the control specimen of patient 4 (4n). In fact, the carcinoma tissue CT8 distribution of patient 4 (4c) is also different from its corresponding normal tissue 4n and from the carcinoma CT8 distribution of patient 2 (2c) on the 2.5% level. This is also fulfilled for patient 1 (1c) in comparison to patient 2 (2c). Still, the cumulative curves of all patients of the respective distributions (Fig. 3) show obviously different characteristics. The maximum of the cumulative relative DNA-content is shifted from 10.5% at relative radius 68% for the cumulative normal group to 7.5% at 75% relative radius for the carcinoma group. There is also a faster increase of the curve in the carcinoma distribution for small relative radii compared to the distribution of the normal group which resembles a Gaussian distribution.
Standardized volume of CT8
The standardized CT8 volume is dependent on the threshold chosen, because voxels with low chromatin content are excluded when a high threshold is used for image segmentation. Therefore, volume determination is not a very reliable process and absolute values are difficult to be determined. They showed differences in normal pancreatic duct epithelium for each individual and a statistical comparison using the Mann-Whitney U-Test detected significant variation between several samples of the CT8 in carcinoma cells. Regarding the results of standardized CT8 volumes in carcinoma, there was a difference between the individuals as well, as the statistical evaluation with the U-Test demonstrated (data not shown). However, when comparing the standardized CT8 volume in normal epithelium and carcinoma of one individual using the U-Test there was no statistical difference.
This shows that, on the basis of threshold dependent volume detection, a reliable method using absolute values of volumes of CT8 cannot be presented at the moment.
Standardized surface of CT8
The results of the standardized surface of CT8 were similar to those of the volume. The same methodical problems occurred when automatic detection of the surface voxels was attempted. Using the threshold dependent surface functions as a basis for the U-test, we achieved similar results as in the volume case. Individuals showed different standardized CT8 surfaces in normal epithelium, as well as in carcinoma. Statistical evaluation with the U-Test demonstrates significant variation of standardized CT8 surfaces between the individuals (data not shown). Comparing the values of the CT8 surface related to the malignant transfor- mation, no significant differences were seen between normal and neoplastic (carcinoma) epithelium of one individual. Therefore, absolute surface measurements were not taken into consideration, either.
Standardized roundness of CT8
A solution to the problem of achieving reliable geometry related measurements seems to be the use of the roundness value. In fact, by relating the volume to the surface in a dimensionless way by using appropriate powers of these measurements, the effect of the threshold is mostly eliminated. Therefore, we determined the roundness value using the measurements of volume and surface in the threshold dependent manner as described above and computed the roundness quotient for each threshold separately. This curve is still threshold dependent, but in the ideal case, when the threshold is increased, the effect on volume and surface voxel determination should cancel out in the quotient and the resulting value of the roundness should be constant. This is not the case exactly, probably due to scaling properties of the volume voxels and their surfaces, but there is a linear part in the plot with a rather low factor. To compute a roundness value of the CT8, we used this part of the plot. Table 2 shows the roundness values for all 13 investigated CT8 objects, including the cumulative cases. In Table 1 , the values below the main diagonal show the values of the U-test for all possible pairs, applied to the linear part of the roundness/threshold functions. At thresholds between 140 and 210 the standardized roundness of CT8 in normal pancreatic epithelium (numbers 1n through 4n) contains a linear part between the linear fit thresholds (LFT) chosen (see Section 2.7), which results in mean values of about 0.6, indicating that CT8 was rather round. There were no statistically significant differences (Mann-Whitney U-test: all values below 2 standard deviations) between the CT8 roundness between the individuals 1n-4n (Table 1 , below main diagonal), showing a quite homogenous pattern.
Compared to the group of normal epithelium, CT8 seemed to be markedly deformed after malignant transformation (cases 1c-5c). The values at intermediate thresholds were at 0.2 to 0.4, being far from the value 1 for the roundest object, the sphere. Additionally, the linear dependence of the normalized roundness and the threshold in the linear fit region is different, as is exemplified by the data for patient 1 (Fig. 4) . The linear factor for the carcinoma tissue is greater than for the normal tissue. The same can be seen in Fig. 5 , which shows the cumulative roundness for both tissue types. The roundness values for carcinoma cases do not show significant inter-individual differences (Table 1) .
Statistical comparison of normal (1n-4n) cells versus carcinoma (1c-4c) cells of one individual using the U-Test reveal significant differences of standardized roundness of CT8 (Mann-Whitney U-test: all values above 3 standard deviations; Table 1 ). This indicates a decrease of CT8 roundness in pancreatic epithelium during malignant transformation.
Analysis and classification of the test patient
As experimental conditions can have a considerable influence on the outcome of image quality and subsequent microscopic analysis, we investigated the tissue of one patient several times and compared the results to the other specimens (numbers 6 and 7, Tables 1  and 2 ). According to the linear fit of the roundness values the patient's tissue was classified correctly as normal (Fig. 5) . 
Discussion
In this study we investigated the radial positioning, the volume, the surface, and the roundness of CT8 in nuclei of non-neoplastic (normal) pancreatic ductal epithelium in comparison to neoplastic pancreatic ductal adenocarcinoma as a model of malignant transformation. We evaluated these parameters while conserving the histological context by using 15m sections from formalin-fixed, paraffin-wax embedded tissues. A lot of published studies analyzing nuclear and chromosome architecture used fixed cells of in vitro cell cultures with advantages, such as high uniformity of the cells and without suspected structural artificial changes when using formalin-fixed paraffin wax-embedded tissue. On the other hand, it is also well known that in vitro cells from cell cultures exhibit a different architecture than cells remaining in the microanatomical context [24] . Interestingly, the results of CT8 architecture described in tissue sections here did not differ basically from the results of cell cultures. For example, the CT8 radial position in peripheral lymphoblasts was also found at the nuclear periphery [5] . In computer simulated models of morphologically preserved lymphocytes similar values were also found for radial positioning, volume, and roundness [22] . Therefore, paraffin-wax embedded tissue seems to be a valuable source for investigation of genome architecture [45] to complement studies using in vitro cultured cell lines.
The most important methodological step is FISH and its pretreatment. Chemical and thermal denaturation procedures are necessary to provide for the accessibility of the WCP probe specifically to its complementary target. These procedures of course may be destructive for chromatin and genome organization to a certain degree. Moreover, the biophysical properties of normal and neoplastic cells may be different, so that we can not completely exclude the possibility of the FISH pretreatment protocol affecting the results of shape parameters as a biased error. The results presented here, however, suggest that the different changes are patient independent, so that the different roundness val-ues between normal and neoplastic cells at least seem to be a recurrent finding.
It has been well established that in cell nuclei each CT takes a certain tissue specific intra-nuclear position [31] which is known to be non-random [10, 26, 29] . From these results, however, it remained unclear whether there are variations between individual samples. Our analyses of over 100 randomly selected non-neoplastic nuclei of pancreatic duct epithelium were therefore taken from different patients. The data revealed a localization of CT8 towards the nuclear periphery, which was independent from the individual being analyzed. As previously suggested [45] , CT8 showed a slightly shifted peripheral position in pancreatic ductal adenocarcinoma accompanied by a higher individual dependent variability. Although CT8 contains tumor relevant gene domains as, for instance, CMYC the peripheral shift towards the border was not statistically significant compared to normal epithelium. This observation is concordant with studies that describe a peripheral location of chromosomes with a low gene density and activity [13, 15] and with investigations reporting no significant changes of radial positioning of CTs during malignant transformation in cell lines [10] .
On the other hand, no significant change of the relative radial CT8 position during the malignant transformation is surprising, since radial positioning of CTs and sub-chromosomal elements are main features correlated to genome function [42] or dysfunction [46] . However, assuming that genome function and molecular accessibility of gene domains are correlated, changes of the CT shape may reflect an improved accessibility of cancer related genes. Thus, the slight shift of the CT position may be a consequence of the shape modifications. Moreover, modifications of other chromosome shapes associated with genomic alterations in cancer may contribute to the higher individual variation of CT positions in general.
Normalized volumes and surfaces of CT8 may differ between individuals. Nevertheless, there were no significant differences between normal (non-neoplastic) and carcinoma (neoplastic) epithelium from the same individual. In light microscopy an increased nuclear volume of malignant cells compared to normal cells can be observed. One might expect a parallel increase of the CT volumes and surface in malignant nuclei due to chromatin disaggregation by a higher transcription rate or DNA amplifications. Considering all methodical shortcomings described in results, it appears that this phenomenon was found for the absolute values but not for the normalized values. Thus, there only seems to be a proportional increase of CT volume and surface.
Interestingly, although no statistically significant differences of normalized volume and surface were found, the results of the normalized CT roundness showed striking differences. Across all individuals the roundness of CT8 in normal epithelium is quite spheroidal. In contrast, in carcinoma epithelium CT8 seems to be shaped more irregularly. These results confirm our previous observation of a decreased roundness in carcinoma cells [45] that is comparable with a decreased roundness of nuclei of malignant cells, as already visible in H&E stained sections by light microscopy. Thus, spatial changes of CT during malignant transformation, like increased absolute volume and surface, as well as decreased normalized roundness seem to mimic changes of the nuclei themselves.
Of course, there is still a huge gap to be bridged between topological/architectural genomic findings and functional data obtained by the spectrum of molecular biological techniques. Basic requirement for discussing a relevant association of structural and functional data is the reliability of the results. As pointed out above, a critical methodological step in the investigation of genome architectural parameters using paraffin-embedded tissue is the FISH pretreatment procedure, so that we cannot completely exclude a biased distortion of the territories in neoplastic cells due to a higher vulnerability to pretreatment compared to normal cells.
Provided that our observation reflects a real difference, one might suggest that the loss of roundness of CT8 accompanies the malignant transformation, analogous to shape changes of nuclei of preinvasive dysplastic cells. It is discussed that an altered chromosomal architecture affects the regular gene expression by, for instance, disturbing the docking of transcription factors on promoter or enhancer sequences [16] . Primary genomic changes during malignant transformation may cause spatial changes of the CT architecture. Since for example the oncogene CMYC is amplified in nearly 30% of adenocarcinoma of the pancreas, genomic amplifications or losses may impair the chromosomal architecture and lead to a decreased CT8 roundness. Besides, there are some genes like SATB1, CTCF and S/MAR coding proteins that seem to keep up the nuclear architecture [27] . A modification of these genes leads to heavy interferences of the regular nuclear architecture followed by a disturbed expression of other genes. There might be an early genetic or epigenetic event leading to a chromosomal deformation that in turn causes genomic instability. This, however, remains speculative and should be subject of a more detailed analysis of the nuclear and chromosomal architecture, which may require more advanced labeling and imaging technologies. Recent technological improvements like COMBO-FISH [18] for specific labeling of small genome targets and high resolution localization microscopy (e.g. [25] ) may improve microscopic imaging to obtain more detailed information about the micro-and nano-architecture of genomes. Grid computing resources offer in addition new possibilities for a complex analysis of individual dependent changes of multidimensional architectural parameters [37, 38] .
In conclusion, the results presented here show the usefulness of archival tissue materials. The data indicate a deformation of the interphase chromosome 8 territory in pancreatic ductal adenocarcinoma. However, whether this really is associated with genomic instability in tumor cells remains to be elucidated by means of novel technologies. Moreover, further studies could investigate preinvasive lesions in order to determine the time course of changing functionally correlated architectural parameters during malignant transformation.
